The mechanism of regulation of the expression of copA and copB, encoding putative copper-translocating P 1B -type ATPases in Corynebacterium glutamicum, was investigated. The levels of copA and copB mRNAs were upregulated in response to excess copper as well as excess zinc. Disruption of csoR, encoding a transcriptional regulator, resulted in constitutive expression of copA and copB. The CsoR protein bound to the promoter regions of the copA-csoR and the cgR 0124-copB-cgR 0126 operon. In vitro DNA binding activity was strongly inhibited by copper, but much less inhibited by zinc. A csoR-deficient mutant showed slightly increased resistance to copper, but slightly decreased resistance to zinc. These findings indicate that CsoR acts as a transcriptional repressor not only of the cognate copA-csoR operon but also of the cgR 0124-copB-cgR 0126 operon, which is not physically linked to csoR on the chromosome, and that CsoR plays a major role in copper homeostasis.
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Copper (Cu) is a trace element essential to living organisms. It plays a catalytic role in enzymes, especially in oxidation/reduction reactions. At the same time, Cu, like other essential transition metals such as iron (Fe), zinc (Zn), manganese (Mn), nickel (Ni), cobalt (Co), etc., has toxic effects on cellular functions when present in excess amounts. In bacteria, various Cu-responsive transcriptional regulators, CopY, CueR, and CsoR, have been identified. 1, 2) In contrast to the relatively limited distribution of CopY and CueR, CsoR was recently characterized as a Cu-sensing transcriptional repressor of the Cu-translocating P-type ATPase operon in close genetic proximity to the csoR gene in various bacteria, including Mycobacterium tuberculosis, 3, 4) Bacillus subtilis, 5) and Listeria monocytogenes. 6) Cu inhibits the DNA binding activity of CsoR, resulting in de-repression of the expression of genes for Cu resistance under excess Cu.
Corynebacterium glutamicum, a gram-positive soil bacterium, is widely used in the industrial production of amino acids such as glutamate and lysine. [7] [8] [9] It has been further used in the development of bioprocesses for the production of various compounds such as organic acids and alcohols. [10] [11] [12] [13] [14] [15] It is important for the metabolic engineering of this industrially important microorganism to understand the regulation of the homeostasis of transition metals required for various metabolic enzymes. It was recently reported that in C. glutamicum ATCC 13032, the two-component system encoded by copR and copS is involved in the Cu-responsive regulation of a set of genes for Cu resistance. 16) In the present study, we focused on a csoR homolog (cgR 0458) that is located immediately downstream of a P-type ATPase gene (cgR 0459) on the chromosome of C. glutamicum R. 17) In our recent study (manuscript in preparation), the cgR 0459 gene, two other P-type ATPase genes (cgR 0125 and cgR 0148), and a cation diffusion facilitator (CDF) gene (cgR 1359) were identified as Zn-inducible genes. Here we found that expression of the putative Cu-translocating P-type ATPases cgR 0459 (copA) and cgR 0125 (copB) but not that of two other Zn-inducible transporter genes is upregulated in response to excess Cu. An electrophoretic mobility shift assay revealed that CsoR bound to the promoter regions of the copA-csoR operon and the cgR 0124-copB-cgR0126 operon. We found that Cu strongly inhibits the in vitro DNA binding activity of CsoR, while Zn acted as a weak negative effector of CsoR.
Materials and Methods
Bacterial strains. C. glutamicum R (JCM 18229) 17) was used as a wild-type strain. A mutant strain deficient in csoR (cgR 0458) was obtained from a mutant library constructed by transposon-mediated mutagenesis. 18) Culture conditions. For genetic manipulations, Escherichia coli and C. glutamicum strains were grown as described previously. 19) For analytical purposes, C. glutamicum starter culture was grown aerobically in 10 mL of nutrient-rich A medium 11) containing 1% glucose at 33 C in a 100-mL test tube overnight. The cells were inoculated in fresh medium to make a >100-fold dilution of the overnight culture. The cells were cultured in 10 mL of minimal BTM medium 20) for growth curve analysis. For quantitative reverse transcriptase (RT)-PCR analysis, the cells were cultured in 100 mL of medium in a 500-mL flask. To assess responses to Cu and Zn, the medium was supplemented with CuSO 4 and ZnSO 4 at the indicated concentrations.
Cell growth was monitored by measuring OD 610 using a spectrophotometer (DU640, Beckman Coulter, Brea, CA).
DNA techniques. Chromosomal and plasmid DNA were prepared from C. glutamicum and the target DNA regions were amplified by PCR, as described previously. 19) y To whom correspondence should be addressed. Tel: +81-774-75-2308; Fax: +81-774-75-2321; E-mail: mmg-lab@rite.or.jp Abbreviations: Ag, silver; CDF, cation diffusion facilitator; Co, cobalt; Cu, copper; Fe, iron; Mn, manganese; Ni, nickel; Pb, lead; RACE, rapid amplification of cDNA ends; RT, reverse transcriptase; Zn, zinc C. glutamicum cells were transformed by electroporation as described previously. 21) E. coli cells were transformed by the CaCl 2 procedure. 22) DNA sequencing was performed with an ABI Prism 3100xl Genetic Analyzer (Applied Biosystems, Foster City, CA). DNA sequence data were analyzed with the Genetyx program (Software Development, Tokyo).
Plasmid construction for csoR expression. A plasmid for csoR expression in C. glutamicum was obtained as follows: The region for the ORF was amplified by PCR using C. glutamicum chromosomal DNA as template and a set of primers with appropriate restriction sites (Table S1 , csoR-Fw and csoR-Rv; see Biosci. Biotechnol. Biochem. Web site). The amplified ORF region was digested with restriction enzymes, and was inserted into the corresponding site downstream of the lac promoter in E. coli-Corynebacterium shuttle vector pCRB1, 23) yielding pCRC316.
Reverse transcriptase-PCR and rapid amplification of cDNA ends. Total RNA was prepared from C. glutamicum cells using an RNeasy minikit and RNAprotect Bacteria reagent (Qiagen, Hilden, Germany), and quantitative RT-PCR was done using the Applied Biosystems 7500 Fast Real-Time PCR System, as described previously. 19) The primers used are listed in Table S2 . The relative abundance of the target mRNAs was quantified based on the cycle threshold value. To standardize the results, the relative abundance of 16S rRNA was used as internal standard.
The 5 0 -end of mRNA was determined by rapid amplification of cDNA ends (RACE) using the primers summarized in Table S3 . Using a 5 0 -Full RACE Core Set (Takara), single-stranded cDNA synthesized from total RNA using the 5 0 -phosphrylated primer was self-ligated with T4 RNA ligase. The first PCR reaction proceeded using inverted primers, and then the second proceeded using nested inverted primers with the EcoRI site at the 5 0 -ends. The amplified DNA was digested with EcoRI and inserted into the corresponding site of plasmid pHSG398 (Takara). Multiple clones of E. coli transformed with the resulting plasmid were sequenced.
Purification of the CsoR protein expressed in E. coli. A DNA fragment containing the csoR gene was amplified by PCR using a primer pair (Table S1 , csoR-Ex-F and csoR-Ex-R). The amplified DNA was digested with NdeI and EcoRI and inserted into the corresponding site of the pET-28a expression vector (Merck, Darmstadt, Germany). The resulting plasmid, pCRC318, contained the csoR gene fused to a His tag sequence at the N-terminus. E. coli BL21(DE3) cells transformed with pCRC318 were grown at 37 C in 100 mL of Luria-Bertani medium supplemented with kanamycin (50 mg/mL). The recombinant gene was expressed in exponentially growing cells (OD 600 of 0.6) by adding 1 mM isopropyl--D-thiogalactopyranoside. After 1 h of incubation, the cells were harvested by centrifugation. The His-tagged CsoR protein was extracted and purified by affinity column chromatography using an Ni-NTA Fast Start Kit (Qiagen). The purified protein was loaded onto a gel filtration column (PD-10 column; GE Healthcare UK, Buckinghamshire, UK) equilibrated with buffer containing 20 mM TrisHCl (pH 7.5), 20 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, and 1 mM DTT, and the protein was eluted with the same buffer. The His tag was removed from the His-tagged CsoR protein by thrombin treatment using a Thrombin Cleavage Capture Kit (Merck), and the resulting CsoR protein was used in an electrophoretic mobility shift assay.
Electrophoretic mobility shift assay. The recombinant CsoR protein at the indicated concentrations was incubated with 40 ng of a DNA probe in 20 mL of binding buffer containing 10 mM Tris-HCl (pH 7.5), 160 mM KCl, 5 mM MgCl 2 , 0.05 mM EDTA, 1.5 mM DTT, and 10% glycerol for 30 min at 25 C. CuSO 4 , NiCl 2 , CoCl 2 , MnSO 4 , FeSO 4 , and ZnSO 4 were added at the concentrations indicated. The binding reaction mixture was subjected to electrophoresis on a 6% polyacrylamide gel containing 5% glycerol in 0.5xTBE or 0.5xTB (without EDTA for the effector experiments) electrophoresis buffer, and the DNA probe was detected with SYBR Green. DNA probes were prepared by PCR using the primers summarized in Table S4 . For the DNA fragment between À159 and þ41 bp with respect to the transcription start site of copA (probe P1), copA-Pr-F1 and copA-Pr-R1 were used; for the fragment between À359 and À35 bp (P2), copA-Pr-F2 and copA-Pr-R2 were used; for the fragment between À4 and þ285 bp (P3), copA-Pr-F3 and copA-Pr-R3 were used; and for the 400-bp promoter region of the copB operon (P0124), 0124-Pr-F and 0124-Pr-R were used.
Results
P-type ATPase genes on the genome of C. glutamicum P 1B -type ATPase is a subfamily of the transmembrane P-type ATPase family. P-type ATPases mediate ATP hydrolysis-driven substrate transport across the cellular membrane, transport that is characterized by transient autophosphorylation. 24) Various groups of P 1B -type ATPase families have been described, and correlation of their amino acid sequences to functions such as substrate specificity and direction of transport has been traced. 24, 25) Two major groups of the P 1B -type ATPase family with different substrate specificities are particularly well characterized. One is represented by a monovalent Cu/silver (Ag) ion transporter, and the other by a divalent cadmium (Cd)/Zn/lead (Pb) ion transporter.
On the genome sequence of C. glutamicum R, nine genes encode putative P-type ATPases (cgR 0459, cgR 0125, cgR 0148, cgR 0146, cgR 0585, cgR 0129, cgR 1256, cgR 0504, and cgR 1605). Of these, the predicted amino acid sequences of seven have some similarity to members of the P 1B -type ATPase family (Fig. 1) . The CgR 0459 (CopA) protein and the CgR 0125 (CopB) protein fall in the Cu-translocating group. The C. glutamicum CopA protein exhibits relatively high sequence similarity (40% identity) to Enterococcus hirae CopA 26) and B. subtilis CopA.
27) The C. glutamicum CopB protein exhibits 40% amino acid sequence identity to E. hirae CopB. 26) CopA and CopB are classified into different subgroups, the P 1B1 -type and the P 1B3 -type respectively (Fig. 1) . The N-terminal domain of C. glutamicum CopA has a CxxC motif, The characteristic motifs in the N-terminal metal-binding domain (N-MBD), the sixth, seventh, and eighth transmembrane regions (H6, H7, and H8) proposed for five groups of P 1B -type ATPases, the P 1B1 , P 1B2 , P 1B3 , P 1B4 , and P 1B5 groups, 24, 25) are indicated and aligned with the corresponding sequences of the C. glutamicum proteins that can be assigned to the respective groups. The CgR 0129 and CgR 1256 proteins cannot be assigned to any of these groups. The P 1B1 , P 1B2 , and P 1B3 groups are represented by Cu(I)-, Zn(II)-, and Cu(II)-translocating ATPases respectively. The substrate selectivity of the P 1B4 and P 1B5 groups is not clear.
while that of CopB has a stretch of His-rich sequence. P 1B1 -type ATPases have been characterized for various bacteria, archaea, and eukaryotes. 24) They predominantly transport monovalent cations, viz., Cu(I) and Ag(I). In contrast, it has been suggested that P 1B3 -type ATPases predominantly transport Cu(II) rather than Cu(I), possibly due to the motif CPH instead of CPC, present in the substrate recognition site of the sixth transmembrane region. 24) The CgR 0148, CgR 0146, CgR 0585, CgR 0129, and CgR 1256 proteins cannot be classified readily into any of the well-characterized major groups of P 1B -type ATPases, the P 1B1 -type (represented by Cu-translocating ATPases) and the P 1B2 -type (represented by Zn-translocating ATPases). The amino acid sequence identity between the CgR 0129 and CgR 1256 proteins is 76%. The other proteins show 30-35% sequence identity. These five proteins lack the N-terminal metal binding domain and possibly lack one or two N-terminal transmembrane regions which are recognized as features of the major groups of P 1B -type ATPases (Fig. 1) . The CPX motif in the sixth transmembrane region, thought to be involved in substrate selectivity, showed divergence from the highly conserved CPC of the P 1B1 -and P 1B2 -type ATPases (Fig. 1) . Based on the signature sequences putatively involved in metal binding in the seventh and eighth transmembrane regions, some of these proteins can be assigned to other groups of P 1B -type ATPases, most members of which have not been functionally characterized and whose substrate selectivity is unclear (Fig. 1) . The cgR 0148 and cgR 0146 genes are located between transposase-related genes in the genome of C. glutamicum R. The corresponding genes are not present in the genome of C. glutamicum ATCC 13032.
Expression of putative Cu-translocating ATPase genes in response to Cu and Zn
In order to determine the expression of the putative Cu-translocating ATPase genes, copA and copB, in response to Cu, C. glutamicum R wild-type cells were cultured in minimal BTM medium for 4 h and the exponentially growing cells were then supplemented with CuSO 4 to a suboptimal concentration of 20 mM. Changes in gene expression after CuSO 4 supplementation were followed by quantitative RT-PCR (Fig. 2) . The level of copA mRNA increased 10-fold within 15 min of CuSO 4 supplementation, and then decreased to some extent in the subsequent 45 min (Fig. 2A) . A similar expression pattern in response to Cu was observed for copB (Fig. 2B) .
In our recent study (manuscript in preparation), copA and copB and two other transporter genes, cgR 0148 and cgR 1359, were identified as Zn-inducible genes. cgR 0148 encodes a P 1B4 -type ATPase (Fig. 1) , and cgR 1359 encodes a member of the CDF family. We compared the expression of these four genes in response to excess Cu and Zn. In a way similar to exposure to excess Cu, described above, exponentially growing cells cultured in minimal BTM medium were supplemented with ZnSO 4 to a suboptimal concentration of 100 mM (Fig. 2) . The levels of copA and copB mRNAs increased markedly within 15 min of ZnSO 4 supplementation ( Fig. 2A and B) , although the induction levels were lower than the Cu-dependent induction levels under these conditions. The transient manner of induction in response to Cu was more prominent than for Zn-dependent induction. In contrast, expression of the other two Zninducible genes, cgR 0148 and cgR 1359, did not change after supplementation with CuSO 4 (Fig. 2C and D) .
Effects of csoR disruption on Cu-dependent expression of copA and copB On the chromosome of C. glutamicum R, cgR 0458 (csoR), encoding a homolog of recently identified Cusensing transcriptional regulators, is located downstream of copA (Fig. 3) . The expression of copA and copB in response to Cu in a mutant strain deficient in csoR (csoR::Tn) was examined ( Fig. 4B and F) . As described above (Fig. 2) , the cells were exposed to 20 mM CuSO 4 for 15 min. Quantitative RT-PCR analysis revealed that in the csoR::Tn strain, the level of copA mRNA was markedly high irrespective of the Cu concentration (Fig. 4B) . Expression of copA in the csoR::Tn strain, even when it was exposed to excess Cu, was upregulated 10-fold relative to expression in the wild-type strain. Similar effects of csoR disruption were observed for the expression of copB (Fig. 4F) . A plasmid carrying the csoR gene under the control of a constitutive promoter was introduced into the csoR::Tn strain. In the resulting csoR-complemented strain, overexpression of csoR was detected (Fig. 4C) , and Cu-dependent induction of copA and copB was restored ( Fig. 4B and F) . Similarly, Zndependent induction, not observed in the csoR-deficient strain, was restored in the csoR-complemented strain (data not shown).
A 58 bp-long intergenic region exists between copA and its upstream hypothetical gene (cgR 0460) (Fig. 3) . The effects of Cu supplementation and csoR disruption on cgR 0460 expression were minimal (Fig. 4A) . copA and the csoR gene immediately downstream showed similar expression patterns (data not shown), and overlapped by 1 bp. Hence it is likely that copA and csoR are co-transcribed under the control of the copA promoter. The expression of a transcript containing both the copA and csoR coding regions was confirmed by RT-PCR (data not shown). The transcription start site of the copA operon was determined by the RACE method. It was located 29-bp upstream of the translation start site of copA (Fig. 3) . The consensus sequences of the À10 and À35 regions of the C. glutamicum SigA-dependent promoter 28) were found in the 5 0 -upstream region of copA (Fig. 3) .
On the chromosome, copB is located in a gene cluster containing cgR 0122 (copR), cgR 0123 (copS), cgR 0124 (a putative CopZ-like metallochaperone gene), and cgR 0126 (a hypothetical gene) (Fig. 3) . It was found recently that the corresponding genes in C. glutamicum ATCC 13032 are upregulated in response to excess Cu, and that the two-component system encoded by copR and copS in this bacterium is involved in Cu-responsive regulation. 16) We confirmed that the level of copS mRNA was significantly upregulated by exposure to excess Cu in C. glutamicum R (Fig. 4D ), but expression was not affected by disruption of csoR (Fig. 4D) . In contrast, cgR 0124 (Fig. 4E ) and cgR 0126 (data not shown) showed Cu-responsive expression under the control of CsoR in a manner similar to that shown by copB. The cgR 0124-copB and copBcgR 0126 intergenic regions were 50 bp and 47 bp long respectively. It is likely that these three genes are cotranscribed under the control of the cgR 0124 promoter. The expression of a transcript containing the respective adjacent coding regions was confirmed by RT-PCR (data not shown). The transcription start site of the copB operon as determined by the RACE method was located 39 bp upstream of the translation start site of cgR 0124 (Fig. 3) . In the 5 0 -upstream region of cgR 0124, putative À10 and À35 regions of SigA-dependent promoter were found (Fig. 3) . When the promoter regions of the copA and copB operons were compared, a 17-bp consensus sequence consisting of a 7-bp perfect inverted repeat separated by 3 bp (5 0 -ATACCCCnnnGGGGTAT-3 0 ) was found to be located between the À35 and the À10 region (Fig. 3) . Hence we hypothesize that the consensus sequence (CsoR box) is involved in transcriptional repression by CsoR.
In vitro binding of CsoR to the promoter regions of the copA and copB operons In order to determine the DNA binding of CsoR, the CsoR protein was expressed in E. coli and purified. An electrophoretic mobility shift assay was carried out with the CsoR protein and the DNA fragment between À159 and þ41 bp with respect to the transcription start site of copA (Fig. 5A and B, P1) . The CsoR protein reduced the electrophoretic mobility of this probe, and the amount of a CsoR-DNA complex increased as the concentration of the CsoR protein increased (Fig. 5B, P1) . The putative CsoR-binding site (CsoR box) is located between À29 and À13 bp with respect to the transcription start site of copA (Figs. 3 and 5A) . When the 5 0 -upstream region of copA without the CsoR box (Fig. 5A, P2 ) was incubated with the CsoR protein, no DNA-protein complex was observed (Fig. 5B, P2 ). In addition, a region downstream of the CsoR box (Fig. 5A, P3 ) did not bind to CsoR (Fig. 5B, P3) . It was also confirmed that the 400-bp promoter region of the copB operon bound to the CsoR protein (Fig. 5B, P0124 ). These results indicate that CsoR binds to the promoter regions of the copA and copB operons containing the CsoR box in a sequencespecific manner.
The effects of several metals on the DNA binding of CsoR were examined by an electrophoretic mobility shift assay (Fig. 5C ). When CuSO 4 was added to the copA and copB encode P 1B -type ATPases. csoR encodes a transcriptional regulator. copR and copS encode components of a two-component system (the response regulator and the sensor kinase respectively). The nucleotide sequences of the cgR 0460-copA and the copS-cgR 0124 intergenic region are shown, and the coding regions are boxed. The transcription start site (þ1) determined is indicated by an arrow. The À10 and À35 regions are indicated by asterisks above the sequences. The CsoR binding motif (CsoR box) is indicated against a gray background.
binding reaction mixture at 1 mM, binding of CsoR to the copA promoter region was strongly inhibited. In contrast, at a concentration of 10 mM, NiCl 2 , CoCl 2 , MnSO 4 , FeSO 4 , and ZnSO 4 showed no significant effect on the binding of CsoR (Fig. 5C ). These results indicate that Cu acts as a strong negative effector of CsoR activity. However, when ZnSO 4 was added at high concentrations (100 and 300 mM), binding of CsoR to the copA promoter region was inhibited (Fig. 5C ), suggesting that Zn also acts as a negative effector of CsoR. It was confirmed that at a concentration of 300 mM, NiCl 2 , CoCl 2 , MnSO 4 , and FeSO 4 showed little effect on the binding activity of CsoR (data not shown).
Effects of the disruption of csoR on Cu and Zn resistance
In order to gain a clue as to the physiological role of CsoR, the Cu and Zn resistance of the csoR::Tn strain was compared to that of the wild-type strain. Cells were cultured in minimal BTM medium under various concentrations of CuSO 4 or ZnSO 4 . Although the growth of the strains was markedly inhibited in the presence of 80 mM CuSO 4 , the csoR::Tn strain grew slightly better than the wild-type strain (Fig. 6A) . This is consistent with the supposition that the copA and copB genes, upregulated by csoR disruption, are involved in Cu resistance. In contrast, in the presence of 800 mM ZnSO 4 , the growth of the csoR::Tn strain was slightly worse than that of the wild-type strain (Fig. 6B ).
Discussion
In this study, we found that C. glutamicum CsoR binds to the promoter region of the cognate copA-csoR operon. Cu strongly inhibited the DNA binding activity of the CsoR protein in vitro, and markedly induced the expression of the copA and csoR genes in vivo. csoR disruption enhanced the expression of copA, resulting in a loss of its Cu-dependent induction. These results confirm that CsoR acts as a transcriptional repressor of the operon consisting of its own gene and the P-type ATPase gene, and that CsoR-dependent expression is derepressed under excess Cu. It is likely that the copAcsoR operon constitutes a Cu-responsive regulatory system for Cu export in C. glutamicum. Similar gene clusters are widespread among bacteria. CsoR represses the expression of csoR-rv0968-ctpV (encoding a P-type ATPase)-rv0970 in M. tuberculosis,
3) csoR-copA-copZ (encoding a metallochaperone) in L. monocytogenes, 6) copZ-csoR-copA in Thermus thermophiles, 29) and copZcopA immediately downstream of csoR in B. subtilis. 5, 30) Their Cu-sensing mechanism and their involvement in Cu resistance as characterized to date indicate that the function and the regulation of these gene clusters are highly conserved among bacteria.
C. glutamicum CsoR directly regulates not only the copA-csoR operon but also the copB operon, which is physically unlinked to the csoR gene on the chromosome, as found in this study. The 7-3-7 perfect inverted repeat sequence (ATACCCCnnnGGGGTAT) responsible for CsoR binding was found between the À10 and À35 regions of both these operons, suggesting that the binding of CsoR prevents RNA polymerase from interacting with these promoters. Similar GC-rich pseudo-inverted repeat sequences in the same position have been found in the CsoR-binding sites reported to date in other bacteria. 5, 29) Recently, it was reported that on the chromosome of Staphylococcus aureus, copA under the direct control of CsoR is not located near the csoR gene. 31, 32) The copB-mco (encoding a multicopper oxidase) operon encoded by a plasmid carried by a strain of this bacterial species confers a hyper-Cu-resistance phenotype, and this operon is also negatively regulated by CsoR. 31) These findings suggest global control of Cu resistance genes by CsoR in S. aureus. In C. glutamicum, the Cu-inducible copA and copB operons coordinately regulated by CsoR may have redundant and/or complementary roles in Cu resistance. This is consistent with a slight increase in Cu resistance due to csoR disruption (Fig. 6A) . However, further characterization of the respective genes is necessary to understand fully the physiological role of the CsoR-dependent regulatory system in C. glutamicum. Furthermore, in C. glutamicum ATCC 13032, the two-component system CopRS, involved in Cu resistance, positively regulates divergently oriented gene clusters, one of which contains the copR-copS genes and the other copO, encoding a multicopper oxidase converting Cu(I) to less toxic Cu(II). 16) Although the copB operon is located downstream of copR-copS on the chromosome (Fig. 3) , the effect of disruption of copRS on copB expression is The C. glutamicum wild-type strain (black) and the csoR::Tn strain (white) were grown in minimal BTM medium (A, black squares and white triangles), and a medium supplemented with 80 mM CuSO 4 (A, black circles and white diamonds) or 800 mM ZnSO 4 (B). OD 610 was monitored. Values represent mean results for three rounds of independent cultivation, with standard errors.
small. 16) On the other hand, disruption of csoR has no effect on the Cu-dependent induction of copS involved in Cu resistance (Fig. 4D) . These findings suggest that crosstalk between the CopRS-and CsoR-dependent Curesponsive regulatory systems is minimal under these conditions. It is conceivable that CopRS and CsoR sense extracellular and intracellular Cu respectively, and that these regulatory systems play complementary roles in the Cu resistance in C. glutamicum.
Another feature of C. glutamicum CsoR regulon identified in this study is that the expression of the copA and copB operons is markedly upregulated in response to excess Zn as well as Cu. We also observed that Zn inhibited the in vitro DNA binding activity of CsoR, suggesting that CsoR is directly involved in the marked Zn-dependent induction. It was recently reported that in the extreme thermophilic bacterium T. thermophilus, CsoR senses various metal ions, including Cu and Zn, to derepress transcription. 29) In contrast, CsoR-dependent expression shows high selectivity to Cu(I) as an inducer in M. tuberculosis, 3) B. subtilis, 30) and L. monocytogenes, 6) in vivo and/or in vitro. In our electrophoretic mobility shift assay, the effect of Zn on the DNA binding activity of CsoR was much smaller than that of Cu. In this context, B. subtilis CsoR binds Zn with lower affinity than Cu, but this Zn binding has no effect on the in vitro DNA binding activity of CsoR. 30) Recently, a second CsoR-type Cu-responsive transcriptional regulator (RicR) in M. tuberculosis was characterized: RicR acts as a repressor of multiple Cu-inducible genes that are not under the control of CsoR. 33) C. glutamicum CsoR is more similar to M. tuberculosis RicR (54% amino acid sequence identity) than to M. tuberculosis CsoR (28% identity). It is noteworthy that the RicR regulon is also upregulated in response to Zn and Fe through a mechanism still unclear.
33) The three amino acid residues, Cys36, Cys65, and His61, coordinating Cu(I) in M. tuberculosis CsoR are conserved in C. glutamicum CsoR as well as other bacterial CsoR homologs.
3) The metal selectivity of C. glutamicum CsoR is an interesting subject for future study. Besides the obscure direct role of CsoR in the Zn-dependent expression of its target genes in vivo, the changes in gene expression in response to multiple metals might be related to crosstalk between the intracellular Zn and Cu trafficking/buffering systems, which are totally unknown in C. glutamicum. The copB operon, under the control of C. glutamicum CsoR, contains the cgR 0124 gene encoding a CopZ-like metallochaperone, which might play a key role in the intracellular trafficking of multiple metal ions and might be related to the slightly decreased resistance to Zn due to csoR disruption. It is noteworthy that Zn-dependent but Cu-independent expression of genes cgR 0148 and cgR 1359 is not affected by csoR disruption (data not shown), and is under the control of a different transcriptional regulator (manuscript in preparation). Further studies are required to elucidate the possible interplay among these metal-responsive regulatory systems in C. glutamicum.
